Introduction
============

Corneal blindness is the second most common devastating eye disorder, affecting more than 6 million people worldwide \[[@r1],[@r2]\]. In pathological conditions associated with diabetes mellitus (DM), the cornea is affected by such complications as neurotrophic corneal ulcers, loss of corneal sensation, keratitis, and a characteristic epithelial dystrophy called diabetic keratopathy \[[@r3]-[@r8]\]. The diabetic cornea displays reduced numbers of hemidesmosomes \[[@r3],[@r4]\], edema \[[@r9],[@r10]\], altered growth factor signaling \[[@r5]\], basement membrane abnormalities \[[@r11]\], and delayed wound healing leading to persistent epithelial defects \[[@r12],[@r13]\].

In humans, corneal epithelial wound healing and renewal mainly depend on stem cells that reside in the basal epithelial layer of the corneoscleral junction (the limbus) \[[@r14]-[@r19]\]. Defects of these limbal epithelial stem cells (LESCs) may have serious adverse effects on corneal function such as conjunctival in-growth and neovascularization of the corneal stroma, which often lead to corneal opacity and vision loss \[[@r20]-[@r22]\]. Dysfunction of the limbal niche and its resident LESCs could be responsible for various abnormalities in the diabetic corneal epithelium due to their role in epithelial renewal and wound healing.

Previously, we found that overexpression of hepatocyte growth factor (HGF) receptor tyrosine kinase c-met and/or silencing of matrix metalloproteinase-10 (MMP-10) and cathepsin F in organ-cultured diabetic corneas could normalize epithelial marker expression, as well as wound healing time \[[@r23]-[@r25]\]. Additionally, we examined various putative stem cell markers in ex vivo diabetic and healthy limbal epithelia and showed that the immunostaining patterns of several stem cell markers were altered in the diabetic limbus \[[@r26]\], which could potentially be corrected with gene therapy \[[@r24],[@r25]\]. These data suggest that the limbal compartment may play an important role in diabetic corneal alterations that can be ameliorated with gene therapy.

Therefore, it is important to confirm whether cultured limbal epithelial cells preserve stem marker expression abnormalities described earlier in organ-cultured corneas and thus can be used to study diabetes-associated corneal alterations. If this assumption proved to be correct, cultured diabetic cells could be used for gene therapy for potential transplantation to diseased corneas in cases of severe diabetic LESC dysfunction exacerbated by diabetic corneal neuropathy \[[@r8],[@r13]\]. To this end, we examined limbal epithelial stem marker expression and wound healing in primary healthy and diabetic LECs cultured on different substrata. We found that human LECs cultured either on denuded human amniotic membrane (AM) or extracellular matrix-coated dishes preserved LESC marker expression patterns in healthy and diabetic cells. Reduced LESC marker expression and wound healing rates were observed in the cultured diabetic LECs. This is in agreement with our earlier reports on alterations in human diabetic corneas, which may account for diabetic LESC dysfunction and impaired corneal epithelial wound healing.

Methods
=======

LEC isolation
-------------

Primary LEC cultures were prepared from human healthy and diabetic postmortem corneas and whole globes purchased from the National Disease Research Interchange that operates under National Institutes of Health oversight (IRB exempt protocol EX-1055). The study adhered to the Declaration of Helsinki and the ARVO statement on human subjects. Discarded healthy donor corneoscleral rims were provided by Drs. Rabinowitz and Maguen after corneal transplantation, under an approved Cedars-Sinai Medical Center IRB protocol (Pro00019393). Amniotic membranes were obtained from human placentas, after written informed consent from the prospective mothers, upon their Cesarean section deliveries, under an approved IRB protocol (Pro00019230).

Healthy LEC cultures were prepared from four donor corneas or corneoscleral rims (age range from 54 to 86 years), whereas diabetic LEC cultures were prepared from three donors with type II diabetes and one donor with type I diabetes (age range from 54 to 81 years). Donor characteristics are detailed in [Table 1](#t1){ref-type="table"}.

###### Donor characteristics.

  Case number   Age, years   Sex   DM type   Duration, years   Cause of death
  ------------- ------------ ----- --------- ----------------- ---------------------------------------
  NL 13--10     82           F                                 Cardiopulmonary arrest
  NL 14--01     86           F                                 Chronic obstructive pulmonary disease
  NL 14--02     65           M                                 Gunshot wound
  NL 15--03     54           M                                 Gunshot wound
  DR 13--15     54           M     IDDM      46                Acute renal failure
  DM 14--06     72           M     NIDDM     30                End stage renal disease
  DM 14--41     67           M     NIDDM     21                Myocardial infarction
  DM 15--04     81           M     NIDDM     20                Congestive heart and renal failure

Primary limbal epithelial cells were isolated from the excised human corneas and corneoscleral rims after dispase II treatment (2.4 U/ml, Roche Life Science, Indianapolis, IN) for 2 h at 37 °C \[[@r27]\]. Before the enzymatic treatments, the corneal endothelium and remnants of the adhering iris were removed with a sterile cotton swab. The limbal epithelial cells eased off the rims were dissociated with 0.25% trypsin -- 0.02% EDTA (Thermo Fisher Scientific, Waltham, MA) for 30 min at room temperature \[[@r27],[@r28]\]. LECs were cultured in EpiLife medium with 60 μM Ca^2+^ containing N2, B27, and human keratinocyte growth supplement (HKGS; Thermo Fisher Scientific), and 10 ng/ml epidermal growth factor (EGF). Cells were seeded on human amniotic membrane (AM) denuded by brief rubbing of the epithelial side in 0.25 N NaOH \[[@r28]\], and on plastic dishes or glass slides coated with a mixture of human fibronectin (BD Biosciences, San Diego, CA), collagen type IV, and laminin (FCL; both from Sigma-Aldrich, St. Louis, MO) at 0.5--1 μg/cm^2^ \[[@r29]\].

Immunostaining
--------------

Individual LEC cultures from three healthy and three diabetic corneas and corneoscleral rims were fixed in *p-*formaldehyde (1%, 10 min at 4 °C) followed by permeabilization in 0.25% Triton X-100 for 5 min at room temperature or in ice-cold methanol (10 min at 4 °C). The expression of putative LESC markers ΔNp63α and PAX6, keratins K12, K15, and K17, and ATP-binding cassette transporter ABCG2 was examined with immunostaining. Additionally, cultures were stained for differentiated corneal epithelial marker K12. The following primary antibodies were used: goat anti-ΔNp63α (sc-8609), goat anti-K12 (sc-17099), mouse anti-K15 (sc-47697), mouse anti-K17 (sc-58726; all from Santa Cruz Biotechnology, Dallas, TX), mouse anti-ABCG2 (MAB4155, Millipore, Billerica, MA), and rabbit anti-PAX6 (PRB-278P, BioLegend, San Diego, CA). Secondary antibodies conjugated either with fluorescein isothiocyanate (FITC) or tetramethylrhodamine (TRITC) were from Jackson ImmunoResearch Laboratories (West Grove, PA). Cell nuclei were visualized with 4\',6-diamidino-2-phenylindole (DAPI) counterstaining.

Wound healing assay
-------------------

Scratch wounds were created in four healthy and four diabetic subconfluent LEC cultures using the 200-μl pipette tip, after which the dislodged cells were washed out with fresh medium. The scratch wound experiments were performed in triplicate. Cultures in basal EpiLife without supplements or growth factors healed slowly. To stimulate healing, 1 or 4 ng/ml EGF was added to the medium. EGF was chosen because signaling through its receptor is a major mediator of corneal epithelial wound healing \[[@r30],[@r31]\]. The doses were chosen to make scratch wounds in the healthy cultures heal at 20 h for approximately 90%. Twenty hours later, wound healing was quantified by measuring the wound areas on digitized photographs using [ImageJ software](http://rsbweb.nih.gov/ij/download.html). The results of nine experiments were analyzed with the Student *t* test using Prism5 statistical software (GraphPad, San Diego, CA), with p\<0.05 considered to be significant.

Results
=======

Stem cell marker expression in LECs cultured on denuded AM
----------------------------------------------------------

The AM is thought to be similar in structure and composition to the limbal epithelial niche basement membrane and is non-immunogenic \[[@r32],[@r33]\]. For these reasons, denuded AM has been widely used for culture, expansion, and transplantation of LESCs \[[@r34]-[@r42]\]. To grow LECs for immunostaining analyses, we used a simple and effective method of denuding human AM with mild alkaline treatment that we have recently developed \[[@r28]\].

Most cells in healthy LEC cultures on AM were positive for several putative stem cell markers similar to the data obtained for limbal immunostaining of organ-cultured human corneas. Representative staining patterns for ΔNp63α, K17, and ABCG2 are shown in [Figure 1](#f1){ref-type="fig"}. Comparison of marker patterns between healthy and diabetic LEC cultures on AM revealed a consistent decrease in staining of diabetic cells, as shown for ΔNp63α ([Figure 2](#f2){ref-type="fig"}). This was also consistent with such a decrease observed in the ex vivo and in the organ-cultured corneas \[[@r24]-[@r26]\]. Differentiated corneal epithelial marker K12 was not found either in healthy or diabetic cultures.

![Expression of putative stem cell markers in healthy limbal epithelial cell cultures on amniotic membrane. The healthy (NL) cells are generally positive for ΔNp63α (**A**, **B**) and K17 (**C**, **D**). Many cells are also positive for ABCG2 (**E**, **F**). The right panels have 4\',6-diamidino-2-phenylindole (DAPI) nuclear counterstaining. As ΔNp63α is also nuclear, the corresponding DAPI panel is shown separately. Bars=20 μm.](mv-v21-1357-f1){#f1}

![Decreased expression of putative stem cell marker ΔNp63α in diabetic as compared to healthy limbal epithelial cell cultures on amniotic membrane. Images in **A** and **B** represent healthy (NL) and diabetic (DM) LEC and were obtained using the same exposure time. **C** and **D** show overlay with 4\',6-diamidino-2-phenylindole (DAPI) nuclear counterstaining of **A** and **B**, respectively. Bar=20 μm.](mv-v21-1357-f2){#f2}

Stem cell marker expression in healthy and diabetic LECs cultured on FCL-coated slides
--------------------------------------------------------------------------------------

Another substratum tested for LEC growth was glass coated with basement membrane proteins found in the corneal epithelial basement membrane \[[@r43]-[@r45]\], that is, FCL. Similar to the results obtained for the LECs cultured on human AM, we observed positive and fairly strong immunostaining for ΔNp63α in the nuclei of healthy cells ([Figure 3A](#f3){ref-type="fig"}), which was consistently weaker in diabetic cells ([Figure 3B](#f3){ref-type="fig"}). The comparisons were made for healthy and diabetic cells immunostained in the same experiment, with images taken at the same exposure time. Essentially the same data were obtained for another marker, PAX6, which is also the main transcription factor defining eye development ([Figure 3E,F](#f3){ref-type="fig"}). Other putative LESC markers, including membrane transporter ABCG2 ([Figure 4](#f4){ref-type="fig"}) and intermediate filament components K15 and K17 ([Figure 5](#f5){ref-type="fig"}), also showed marked reduction in staining intensity in the diabetic LECs compared to healthy LECs. K12 was not observed similar to the cultures on AM. Therefore, decreased stem cell marker staining previously observed in diabetic corneas persisted in cultured diabetic limbal cells.

![Expression of ΔNp63α and PAX6. Both markers are mainly localized in the nuclei of limbal epithelial cells (LECs) cultured on fibronectin, collagen type IV, and laminin (FCL)-coated slides. The staining is reduced in diabetic (DM) LECs compared to the healthy (NL) LECs. Images in **A** and **B**, or in **E** and **F**, were obtained using the same exposure time. **C**, **D**, same pictures as in **A** and **B**, and **G**, **H** are the same as **E** and **F**, respectively, but with 4\',6-diamidino-2-phenylindole (DAPI) nuclear counterstain. Bars=20 μm.](mv-v21-1357-f3){#f3}

![Stem cell marker ABCG2 expression is decreased in the cytoplasm of diabetic limbal epithelial cells as compared to their healthy counterparts. Images in **A** and **B** represent healthy (NL) and diabetic (DM) LEC and were obtained using the same exposure time. **C**, **D**, same pictures as in **A** and B, respectively, but with 4\',6-diamidino-2-phenylindole (DAPI) nuclear counterstain. Cells were cultured on fibronectin, collagen type IV, and laminin (FCL). Bar=20 μm.](mv-v21-1357-f4){#f4}

![Both keratins 15 and K17 are expressed at substantially lower levels in limbal epithelial cells isolated from diabetic corneas than from healthy corneas. Immunostaining for K15 (**A**, **B**) and K17 (**E**, **F**) is decreased in diabetic (DM) LEC as compared to the healthy (NL) ones. Images in **A** and **B**, or in **E** and **F** were obtained using the same exposure time. **C**, **D**, same pictures as in **A** and **B**, and **G**, **H** are the same as **E** and **F**, respectively, but with 4\',6-diamidino-2-phenylindole (DAPI) nuclear counterstain. Cells were cultured on fibronectin, collagen type IV, and laminin (FCL). Bars=20 μm.](mv-v21-1357-f5){#f5}

Wound healing in primary LECs cultured from healthy and diabetic corneas
------------------------------------------------------------------------

To evaluate whether cell migration was affected in cultured primary diabetic LECs, scratch wound assay was performed using cells cultured on FCL-coated plates. To increase healing, basal EpiLife medium without growth factors was supplemented with 1 or 4 ng/ml EGF that is known to stimulate corneal cell migration. At both EGF concentrations, the rate of the wound closure of diabetic cells was decreased by 26% and 15% (at 1 and 4 ng/mL EGF, respectively) compared to their healthy counterparts ([Figure 6](#f6){ref-type="fig"}). In both conditions, this difference was significant.

![Wound healing rate is decreased in diabetic limbal epithelial cells compared to healthy ones as revealed by scratch wound assay in the presence of 1 and 4 ng/ml epidermal growth factor. **A**: Wound healing in the presence of 1 and 4 ng/ml EGF was evaluated by measuring wound areas for healthy (NL) and diabetic (DM) LEC using ImageJ software and presented as percentage of wound area for healthy (NL) and diabetic (DM) LEC using ImageJ software and presented as percentage of wound area coverage ± standard error of mean. \* p\<0.05; \*\*\* p\<0.0001 versus healthy controls. **B**: Representative images of healthy and diabetic limbal epithelial cells (LECs) after 20 h of wound healing in the medium with 1 ng/ml epidermal growth factor (EGF). Vertical lines demarcate the borders of the original wound. Bar=500 µm.](mv-v21-1357-f6){#f6}

Discussion
==========

Therapeutic applications of stem cells currently comprise a particularly active field of research that could potentially transform medical practice. Adult stem cells have specific characteristics such as self-renewal and unlimited proliferative capacity, as well as an ability to differentiate into various specialized cell types \[[@r46],[@r47]\]. Significant success in this area was achieved in part due to the development of methods for enriching and cultivating tissue stem cells based on the expression of specific surface antigens and the lack of terminal differentiation markers \[[@r48]-[@r51]\].

In the human cornea, epithelial stem cells are located at the basal epithelial cell layer within the limbus, the narrow region between the opaque sclera and the clear cornea \[[@r14],[@r18],[@r19],[@r52]\]. These cells are located in a specialized niche known as the palisades of Vogt in humans, which may possess morphological and functional features crucial for maintaining stemness, protecting stem cells from environmental stresses, and conveying access to molecular signals from the adjacent vasculature \[[@r53],[@r54]\]. Together with adjacent stromal cells, the limbal basement membrane that has a special composition different from the central cornea \[[@r43]-[@r45]\] may play a significant role in the maintenance of stem cells.

As part of the AM, the human amniotic epithelial basement membrane is quite similar to the limbal basement membrane in composition \[[@r28],[@r32],[@r33]\]. In addition, the AM is antiangiogenic, antibacterial, and barely immunogenic, contains important growth factors, and promotes wound healing \[[@r35]-[@r38],[@r55]-[@r57]\]. The AM is used clinically for LESC transplantation either intact AM or more frequently after the removal of amniotic epithelial cells (denuded AM) for better LESC adhesion \[[@r42]\]. The denuded AM enhances LESC proliferation and clonogenicity \[[@r34],[@r36],[@r38]-[@r41]\]. Recently, we developed a simple reproducible method for denuding the AM based on the ability of mild alkaline solutions to dissolve cells \[[@r58],[@r59]\]. This method proved to be suitable for culturing LESCs and limbal-derived induced pluripotent stem cells \[[@r28]\].

We have previously shown that diabetic human organ-cultured corneas preserved alterations of specific marker expression and wound healing observed in ex vivo diabetic corneas \[[@r60]\]. Diabetic limbal epithelial cells also had altered patterns of putative stem cell marker expression ex vivo and in organ-cultured corneas \[[@r24]-[@r26]\]. Gene therapy with downregulation of MMP-10 and cathepsin F, and upregulation of HGF receptor c-met proto-oncogene was able to normalize diabetic corneal wound healing and diabetic and stem cell marker expression, which shows potential for improving corneal function affected in diabetes \[[@r24]-[@r26]\]. In severe cases of diabetic retinopathy with significantly compromised LESCs resulting in, for example, recurrent erosions or ulcers, it might be beneficial to transplant healthy (allogeneic) or gene therapy-normalized (autologous) limbal cells to provide functional stem cells capable of normal renewal of the corneal epithelium. This would necessitate expansion of LECs in culture on appropriate substrata and subsequent transplantation onto affected corneas. To this end, it was important to determine whether cultured LECs would be similar to their ex vivo counterparts in terms of stem cell marker expression and wound healing.

The analysis of healthy and diabetic LESC-enriched cultures performed here constitutes a novel approach compared to our previous work with whole corneas, as cultured LECs are often used for transplantation to diseased corneas \[[@r20],[@r41],[@r42]\]. The validation of diabetic LECs as dysfunctional was important for the purposes of subsequent gene therapy and the possibility of transplantation in severe cases of disease. We have performed this validation and found for the first time that primary cultured human LECs preserve the expression of putative stem cell markers ΔNp63α, PAX6, and ABCG2 and keratins K15 and K17, previously shown to be expressed by limbal stem cells in ex vivo corneas and in corneal organ cultures \[[@r24]-[@r26]\]. Another novel finding was that the diabetic LECs on the AM continued to display decreased immunostaining for these markers. The same reduced LESC marker expression was observed in LECs cultured on FCL-coated slides, making it possible to further study wound healing on this substratum. Similar to the whole corneas, LECs from diabetic donors displayed about 20% slower wound healing compared to healthy cells. These alterations may account for diabetic LESC dysfunction leading to impaired corneal epithelial wound healing.

Transplantation of culture-expanded LECs enriched in LESCs has been used clinically in several countries in cases of LESC deficiency \[[@r61],[@r62]\]. The cells are usually transplanted on fibrin glue or human AM. This method could potentially be used to correct LESC abnormalities in severe cases of advanced diabetic keratopathy as well. The present data suggest that just activating the growth of diabetic LECs by culture expansion would not normalize their phenotype, possibly due to metabolic epigenetic memory \[[@r63]\]. Gene therapy, which has been successful in whole corneas \[[@r23]-[@r26]\], could also be advantageous for cultured diabetic stem cell normalization and subsequent autologous transplantation on AM. Experiments are under way to correct diabetic abnormalities in cultured diabetic LECs using specific gene therapy.
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